As a part of an ongoing effort to develop computerized training tools for cryosurgery, the current study presents a proof of concept for a computerized tool for cryosurgery tutoring. The tutoring system lists geometrical constraints of cryoprobes placement, simulates cryoprobe insertion, displays a rendered shape of the prostate, enables distance measurements, simulates the corresponding thermal history, and evaluates the mismatch between the target region shape and a preselected planning isotherm. The quality of trainee planning is measured in comparison with a computer-generated planning, created for each case study by previously developed planning algorithms. The following two versions of the tutoring system have been tested in the current study: (1) an unguided version, where the trainee can practice cases in unstructured sessions and (2) an intelligent tutoring system, which forces the trainee to follow specific steps, believed by the authors to potentially shorten the learning curve. Although the tutoring level in this study aims only at geometrical constraints on cryoprobe placement and the resulting thermal histories, it creates a unique opportunity to gain insight into the process outside the operation room. Post-test results indicate that the intelligent tutoring system may be more beneficial than the nonintelligent tutoring system, but the proof of concept is demonstrated with either system.
Introduction
Cryosurgery is the destruction of undesirable tissue by freezing. Minimally invasive cryosurgery is performed by strategically placing an array of cryoprobes within a target region in order to maximize internal freezing damage while minimizing damage to the surrounding tissues. In the case of prostate cryosurgery, the target region for destruction may be all or a preselected portion of the prostate gland. 1 A key to the successful cryosurgery outcome is the optimal selection of the number of cryoprobes, the cryoprobe layout, and cryoprobe thermal history (collectively termed cryosurgery parameters in the current study). An ideal cryoprobe plan involves the creation of a 3-dimensional (3D) thermal field such that a preselected isotherm (the planning isotherm) matches perfectly with the outer surface of the target region. The selected isotherm can be (1) the temperature at the onset of freezing, which is closely related to the visualized frozen region by means of medical imaging, manufacturers, and accepted practices. Suboptimal cryoprobe layout may unintentionally leave untreated areas in the target region, lead to cryoinjury in the healthy surrounding tissues, require unnecessarily large numbers of cryoprobes, increase the duration of the surgical procedure, and increase the likelihood of postcryosurgery complications, all of which affect the quality and cost of the medical treatment. 3 Concurrent training in minimally invasive cryosurgery follows the apprenticeship model, wherein a novice physician first reviews a set of guidelines believed to yield cryosurgery success, followed by observing surgical practice by an experienced physician. The surgical case may include computerassisted planning provided by the cryosurgery hardware manufacturer. Following the apprenticeship approach and relying on available clinical cases may be constrained by opportunity, availability of patients and instruction time, and may even conflict with clinical operations. 4 Moreover, since cryoprobe placement is not standardized, the applied cryosurgery techniques and the supporting concepts are likely to vary among instructing cryosurgeons. Although the apprenticeship approach may provide appropriate training for specific cases and environment of operation, it lacks the exposure to a wide range of cases and also to a wide base of knowledge, which would lead to the development of a broader skillset.
Computer-based training can potentially overcome some of the limitations inherent to traditional education methods, while offering a variety of potential benefits, such as reduced risk, increased cost-effectiveness, increased opportunities for demonstration and practice/exercise, improved means to assess knowledge and competences, and mitigation of ethical issues associated with training on patients. 5 Computer-based training tools can be conveniently grouped into the following two categories: part-task trainers and screen-based systems. A part-task trainer includes a part-or a full-body mannequin capable of replicating normal pathophysiological vital signs. Screen-based training tools consist of multimedia applications and virtual-reality simulators, often paired with parttask trainers. A virtual reality system recreates the operating environment with high fidelity and is typically accompanied by one or more haptic systems that replicate the kinesthetic and tactile perception of the task being trained. 6 Virtual reality systems are widely used to train physicians on vascular access, endoscopic, arthroscopic, and laparoscopic surgical techniques. [7] [8] [9] Multimedia applications provide computerassisted instruction (CAI) that may complement lectures or provide case-based instructions to hone decision-making and diagnostic skills. [10] [11] [12] [13] Intelligent tutoring systems (ITSs)-the subject matter of the current study-represent a subset of CAI. An ITS integrates explicit programming of domain knowledge and pedagogic expertise, in order to provide individualized instruction and feedback throughout the student problem-solving process. The ITS presents a set of problems, each strategically broken down into multiple steps, allowing the system to intervene at every step as needed. By contrast, a traditional tutoring system does not intervene; it only provides feedback to the student based on the final solution. In essence, the ITS aims at emulating the teaching approach-much like one-on-one teacher-student interaction. 14 The earliest attempt to develop an ITS for medical applications was known as the GUIDON project in the early 1980s, which focused on the treatment of infectious meningitis, bacteremia, and causative organisms based upon individual patient presentation. 15 In the mid-1990s, Eliot and coworkers developed the Cardiac tutor 16 to teach resuscitation management of patients undergoing cardiac arrest. The Cardiac tutor integrated simulations of physiological and functional cardiac arrhythmias in response to various medications and interventions. In the late 1990s, parallel efforts focused on the development of two ITS prototypes to interpret and diagnose abnormalities in mammograms and neuroradiology imaging, termed the RadTutor and the MR Tutor, respectively. 17, 18 At about the same time, Crowley and coworkers developed the SlideTutor, an ITS prototype that teaches medical residents how to interpret pathology slides for diagnostic inference. 19 In the following years, Evens developed the CIRCSIM, a cardiovascular physiology tutor emphasizing the causal relationships in circulatory physiology. 20 Among the prototypes listed previously, only the Cardiac tutor 16 integrated the domain subject with simulation. The ITS approach for computer-based medical education presents a new and unique opportunity with fast-growing potential, associated with rapid advancement in computation techniques, computer platforms, and communication technology.
As a part of an ongoing effort to develop computerized training tools for cryosurgery, the current study presents a proof of concept for a cryosurgery simulation-based ITS. This ITS targets the acquisition of knowledge and the development of intuition necessary to create an optimal match between the frozen and the target regions while using prostate cryosurgery as a developmental model. The current study combines a formative evaluation to determine the effectiveness of the ITS by measuring performance displayed by surgery residents. A reduced version of the simulator was used for control in this study, representing less intelligent training as a benchmark. To the best of the authors' knowledge, this study represents the first attempt to develop a cryosurgery ITS and the first attempt to evaluate a computerized tutoring system for cryosurgery.
Cryosurgery ITS Development: Methodology and Framework

Challenges
Design of ITS is heavily influenced by the intrinsic nature of the domain (ie, cryosurgery) and the transferability of its pedagogic strategy into computerized instruction. The two most common types of ITS are known as cognitive and constraint based, differentiated by the specific learning theory used to model the domain. Cognitive modeling is based on Anderson ACT-R theory, which states that there are two types of knowledge: declarative and procedural. Initially, declarative knowledge (ie, fact-based knowledge) is learned, which is later translated into more efficient procedural knowledge (ie, skills). 21 Here, the domain is modeled using procedural knowledge, represented in the form of rules. In general, cognitive tutors are considered superior for linear domains, where rules may be constructed in a way that force students to take a specific path to reach an established solution. Constraint-based modeling is rooted in Olsson theory of learning from performance errors, where mistakes result from declarative knowledge that has not been internalized in one's procedural knowledge. 22 Here, the domain is modeled using declarative knowledge represented in the form of constraints. Constraint-based tutors allow students to reach a solution or a solution space through a somewhat selfselected path.
The case-based teaching approach, focusing on students' successful integration of domain knowledge to solve a particular problem, is frequently employed in medical tutoring systems. Material presented in such tutors typically comes from an extensive database of annotated cases, in fields with fairly wellestablished, standardized practices. This allows the developer to represent the domain by a set of rules, consistent with linearity of standardized practice and problem-solving strategies demonstrated in the annotations. In cryosurgery, however, where accepted practices and criteria for surgical success may vary among clinicians and practicing institutions, the selection of optimal cryosurgery parameters may be equivocal. Instead of having a single path to a unique cryosurgery solution, several acceptable solutions may be created, with each solution developed in a nonsequential iterative fashion. This observation calls for a problem-solving process that accommodates multiple solutions and strategies. Furthermore, many intuitive steps may be involved in cryosurgery practice, which are difficult to formalize into verbal instruction targeted toward learning. For example, a competent cryosurgeon must integrate concepts and knowledge from the following areas during surgery planning: patient history and evolution of the disease, geometry of the target region and surrounding tissues, cryosurgery hardware capabilities, knowledge and/or intuition about heat transfer during cryosurgery, and medical imaging interpretation.
The cryosurgeon must possess the ability to process the resulting data streams in order to create mentally reconstructed, 3D images of the target region and the frozen region. The cryosurgeon must plan and operate the specific procedure with the goal of minimizing the mismatch between the previously reconstructed images. The solution to this minimization process may come about by varying the cryosurgery parameters and by selecting the appropriate comparison metrics that are often dictated by clinical and individual patient data. Some of the related surgeon's abilities are intrinsic while others can only be developed by training. Either way, they can all improve with experience, whether in the operation room or by using a virtual tool such as the one developed in the current study.
The ITS development in the current study focuses on planning of the cryoprobe layout for a cryosurgical procedure, while placing an emphasis on thermal and geometrical considerations. For the current phase of development, it is assumed that the patient is a good candidate for the cryosurgery treatment and that the trainee is competent with the relevant medical imaging method. Even with these assumptions in mind, it is quite challenging to encode some of the highly intuitive concepts listed earlier into computerized instruction for an ITS. The approach taken in this study combines trial-and-error interaction with customized ITS feedback. Hence, this article presents a hybrid modeling approach, using both rules and constraints to represent the cryosurgery planning domain.
Learning Objective of ITS
The learning objective in the current study is to develop or improve the ability to create an acceptable cryoprobe layout for cryosurgery. A necessary but not sufficient condition for achieving this objective is that each and every cryoprobe of the array satisfies a set of preselected procedural constraints. With this condition in mind, the learning objective is met if the trainee generates a similar or better-quality cryoprobe layout in comparison with a fully automated computer-generated layout, based on previously developed planning algorithms. The quality of planning is calculated as the overall volume mismatch between the planning isotherm and the target region contour.
Derived from common prostate cryosurgery practices, specific criteria used in the current study, are (1) any probe must not be closer than 3 mm from the prostate capsule, (2) any probe must not be closer than 3 mm from the urethra, and (3) the active cooling surface of a probe must be included within the target region. A tolerance of 1 mm is used as an acceptable match between the trainee probe placement and the computergenerated probe location, which is comparable with the certainty in distance measurements based on high-quality ultrasound imaging for prostate cryosurgery. The above-mentioned criteria have been encoded in the form of constraints (geometric conditions) and rules (overall layout adequacy) that are used to evaluate the trainee solution. Note that the previous rules and constraints do not define a planning solution or a strategy, where it is possible to find multiple cryoprobe layouts that fulfill all the above-mentioned criteria. Furthermore, the computerized solution created by the trainer is not merely a correct solution but also a computer-optimized solution, generated by planning algorithms discussed in the ITS Architecture section subsequently. Thus, it is used as a form of an expert solution in the current study. The learning objectives have been evaluated using typical thermal histories and cooling capabilities to Joule-Thomson-based devices, as discussed in detail by Rossi et al. 23 A representative prostate model volume of 35 mL was applied in all case studies.
Architecture of ITS
With reference to Figure 1 , the cryosurgery trainer comprises two components: ITS and computerized cryosurgery tools (CCTs). The CCT is comprised of the cryosurgery simulator and the cryoprobe layout planner. The simulator takes a specific cryoprobe layout as input and uses an efficient numerical technique to simulate the resulting bioheat transfer process in the treated tissue. 23 The simulator's output are (1) the 3D temperature field at the end of the simulated procedure and (2) the mismatch between the planning isotherm and target region shape, also defined as the defect value. 24 The cryoprobe layout planner is based on the bubble-packing method 25, 26 and is applied on the specific geometry of the target region (ie, the prostate and the urethra) for a given number of cryoprobes. The ITS is comprised of the following three components: a domain module, a student module, and a tutor. The domain module contains a set of rules and constraints that govern the cryosurgery planning process, combined with means to evaluate the trainee solution against the computer-generated solution. The student module records the trainee actions throughout the problem-solving process, including possible violations of rules and constraints. The tutor can be viewed as the administrative portion of a physical instructor, as it presents the student with a problem, asks relevant questions, passes the trainee input to the domain module for evaluation, and returns feedback to the student based on the evaluator output. The database holds all caserelated information, including organ geometries, previously solved cases, and student track record.
With reference to Figure 2 , the trainee-ITS interaction within each ITS case is comprised of the following 5 phases: (0) initial setup, (1) plan layout, (2) verify constraints, (3) cryosurgery simulation, and (4) case evaluation. The trainee can progress from one phase to the next only if all the rules and constraints are met. Otherwise, feedback containing the appropriate instructions is provided to help correct the process. Phase 2 is the only phase where constraint violations do not impact the trainee's ability to move on to the next phase. Here, the trainee is given direct feedback regarding probeconstraint violation, and the trainee may move affected probes as desired. During phase 3, a defect minimization search is conducted using an optimization technique previously developed. 23 The graphical user interface, shown in Figures 3 and 4 provides the trainee with an interactive problem-solving environment. Prostate cryosurgery is typically performed under ultrasound guidance. In the current study, the added challenges associated with imaging analysis have not been integrated into the educational experience. Concurrent effort is now being devoted to integrate medical imaging analysis to cryosurgery education. 27 
Study Design and Evaluation Methodology
It is reemphasized that the current study is not aimed at a comprehensive educational experience on how to perform cryosurgery nor is it aimed at verifying simulation results with follow-up clinical procedures; those broader aims are left for follow-up investigations and extend well beyond a single report. The objective in the current study is to develop a proof of concept for a cryosurgery ITS trainer, to explore its effectiveness, and to identify possible pathways for its future development.
It is quite difficult to study the effectiveness of the computerized training concept, as comparable data from current training methods (ie, noncomputerized) are virtually nonexistent. Therefore, the current study presents a novel benchmarking concept, where the ITS system performance is compared against the performance of a second but simplified computerized training system, containing no ITS components. The non-ITS trainer is essentially a reduced version of the same training code, where all functionalities are identical except for the features that provide feedback, guidance, and force the trainee to go through a sequence of instructional steps. In the non-ITS tutor, the trainee can study the 3D shape of the prostate, place cryoprobes, measure distances, run a bioheat simulation of the cryoprocedure, inspect the resulting 3D temperature field, and evaluate defect results relative to the computer-generated expert solution. Although the non-ITS trainer provides the temperature field and defect value for a generated layout, it does not provide instructions on how to improve the layout using the resulting simulation data. Furthermore, the non-ITS tutor does not provide feedback on geometric constraints violations. In a sense, the non-ITS trainer facilitates intuition development in an unstructured manner.
The human study was approved by the Allegheny Singer Research Institute, Allegheny Health Network, Pittsburgh, Pennsylvania (IRB Protocol #14-006). This study was performed at the Simulation, Teaching and Academic Research Center of AHN. In all, 23 patients were recruited from the AHN General Surgical Residency Program, where 15 and 8 patients participated in the ITS tutor and non-ITS evaluation, respectively. Of the 23 residents, 16 (70%) were male, 7 (30%) were female, not by choice but due to the current demographics of the surgical residency program at AHN. Five residents reported previous experience with medical software and 17 residents reported previous video gaming experience at variable levels of competence. For both the ITS and non-ITS groups, trainees were given a brief introduction to prostate cryosurgery and planning guidelines, followed by a demonstration on how to use the computer code. For both groups, each session combined six cases for training and three cases for posttraining test. For each case, the trainee was presented with a prostate and urethra model and asked to use 10 cryoprobes to plan a layout. Each case used a different geometrical model of the prostate and the urethra, which was generated by means of geometrical deformation, based on ultrasound-reconstructed organs. 28 All cases were limited to a uniform insertion depth for cryoprobes, 29 where the trainee can only select the x-and y-coordinates for each probe (follow-on studies are planned to address multidepth configurations, which present a higher level of planning complexity in 3D).
During training, the ITS trainees had to follow instructions provided by the system, resulting in a finite number of attempts until evaluation criteria was met. The non-ITS trainees could have as many attempts as they wish. During the posttraining test, all trainees regardless of the group had only one attempt to solve each case. During these tests, all trainees had access to the distance-measuring tool but no additional means of feedback. After each planning case, the trainees were able to see the resulting defect values and bioheat simulation results. Trainees concluded the session by filling out a short questionnaire about their medical background, computation skills, and their thoughts about the tutor.
Results
All statistical analyses were performed using SPSS, IBM Corp. Comparison between the two tutor groups was performed using the Mann-Whitney U test. Evaluation of the effectiveness of specific tutor features was performed using logistic regression, and correlation between two variables was determined using Spearman r correlation coefficient.
For both tutor groups, the training session and posttest lasted on average 60 and 30 minutes, respectively. Figure 4 displays the mean time spent and number of attempts made on each case during the training portion of the session. Overall, the time required to complete a case tends to decrease with increasing number of cases solved (displayed in Figure 4 ), with little difference between the 2 groups (U ¼ 50, P ¼ .52). The mean number of attempts per case remains in the same range throughout the training session for the ITS group but varied considerably for the non-ITS group, with statistically significant difference between the groups (U ¼ 24.5, P ¼ .02).
For the ITS group, all cases are structured such that the solution must meet both defect and constraints criteria, resulting in solutions that are free of constraint violations. For the non-ITS group, the solution must only meet the defect criterion, although the trainee has the option (and was verbally encouraged during the introductory portion of the session) to continue modifying the layout as deemed necessary in order to meet all rules and constraints. Since no computerized mechanism prohibits the solution for a non-ITS case to be free of constraint violations, the trainee can use the distance measurements tool and must use their own judgment. In the lack of constraint violation enforcement, the number of solutions submitted by the non-ITS group that met the constraint criteria was remarkably low. The best performance in this group was 5 of the 6 cases that met the criteria, achieved only by 1 trainee. Due to technical problems, data were lost for the first case for 1 trainee; this trainee submitted 3 of the 5 passing cases. Of the 6 cases, 1 trainee submitted a total of 2 passing cases, 3 trainees submitted only 1 passing case, and the remaining 2 trainees completed the training session with 0 cases that met the constraint criteria.
Both tutors had unlimited access to the distance measurement tool. Of the 15 trainees, 12 and 6 of the 7 trainees in the ITS and non-ITS groups, respectively, measured probe (I) probe-selection list for detailed analysis; (J) and (K) are distance tools, where the red line represents the distance constraint, blue line represents measured distance by the training software, green corresponds to the portion of the active surface of the cryoprobe which does not violate any constraints, yellow bar corresponds to a constraint-violating portion of the probe; (L) a button to request the trainer for a bioheat simulation of the current layout; (M) table displaying the total defect value results; and (N) is an area to for the trainer to provide comments and hints after an execution of a simulation. The viewing direction with transrectal ultrasound transducer during an actual prostate cryosurgery case can be switched between (D) and (F). distances using the measurement tool in the first training case. The same measurement tool was used only once by 5 trainees (ITS: 1 and non-ITS: 4) in 1 of their remaining 5 cases.
The effectiveness of the probe distance plots (labeled J on Figure 3 )-a feature only available for the ITS group-was evaluated using logistic regression. In this plot (labeled J), the red line represents the constraint, the blue line represents the actual distance between the probe and the respective organ contour along the active surface of the cryoprobe, the green bar represents a safe region, and a yellow bar represents the portion of the cryoprobe, which violates the distance constraint. The constraints check table (labeled H on Figure 3 ) is continuously displayed for review by the trainee. It is assumed for the current analysis that if the trainee did not use the probe distance plots (based on recorded keystrokes), the trainee must have used the constraints check table. Improvement in meeting the constraints criteria is defined as the reduction in number of probes violating a constraint during an attempt. A scenario in which the trainee had no constraint violation before and after using the same distance tool is also classified as an improvement, since it demonstrates that the trainee understands the geometric concepts while the operation is counted as a positive step toward meeting all constraints. Only a scenario in which the trainee moved a probe after checking constraints and before running a simulation were included in this analysis (n ¼ 101). Among the ITS group, no significant difference is observed between trainees who used the probe distance plots and those who did not (B ¼ À0.816, SE ¼ 0.517, P ¼ .12).
The effectiveness of the temperature field plots was evaluated for the non-ITS tutor only, where the trainees could relocate probes with no restrictions. With reference to Figure 5 , label B points to the organ contour, label C points to the temperature-to-color scale bar, and black displays a defect region. Improvement is defined as decrease in the total defect value between two consecutive attempts, where the possible scenarios are listed in Table 1 (n ¼ 159). Logistic regression revealed that improvement in defect was not statistically significant with the use of temperature field plots (B ¼ 0.187, SE ¼ 0.357, P ¼ .60). To examine the tutors' learning effect, the probe violation rate was calculated for each case as the ratio of the number of probes violating a constraint to the number of probes available to be moved at same stage, with the median error rate displayed in Figure 6 . Expectedly, each of the ITS cases eventually reaches a solution free of violations. By contrast, the non-ITS group displays no definitive pattern. The defect ratio (trainee defect value divided by the computer-generated defect value) and probe constraint violations after the first attempt for each case are plotted in Figure 7 .
Post-training test results are displayed in Figure 8 . A defect ratio smaller than 1 indicates a superior trainee solution compared with the computer-generated solution. Results of case 7 (the first posttest case) indicate an average trainee defect value close to the optimized computer-generated defect. Post-test results for the next two cases (#8 and #9) indicate trainee planning superior to computer-generated planning, when constraint violations are not accounted for. In terms of the mean defect ratio alone (U ¼ 49, P ¼ .48) or in terms of the mean number of probes violations alone (U ¼ 52, P ¼ .60), there is no statistically significant difference between the ITS and the non-ITS groups. Bivariate correlation analysis was performed between trainees' background, including self-rated computational skills (1-5 scale), years of video gaming experience, and year of residency and trainee's posttest performance in terms of number of probes violating a constraint and defect ratio, but no statistically significant correlation was found.
Discussion
Inherent differences between trainees and varying complexity between prostate shapes are two major confounding effects in the current study. Given the total number of available trainees (medical residents) and volunteering time (up to 2 hours) for this proof-of-concept study, constructing a more elaborate study to filter trainee variability effects is deemed unwarranted. Additionally, given the typical volume and the variable shape of candidate prostate for cryosurgery, creating a larger selection of cases (9 cases used in the current study) may be warranted in future studies, where more flexible cryoprobe placement strategy will be tested (such as multidepth insertion). Following this approach, further tools will have to be developed to control for the geometrical variations in the target region, an effort that extends beyond the proof-of-concept level of the current study.
Within the ITS group, using the probe distance plots (vs constraints check table) did not lead to statistically significant improvement in terms of probe placement violations. The Table 1 . Defect evaluation scheme to determine improvement between attempts in cryoprobe layout, where D is the trainee planning defect, i is the planning attempt counter, and G is the computer-generated planning defect.
Defect Results
Improvement frequency with which trainees used the distance plots decreased with increasing number of cases solved, which were used 47%, 44%, and 22% of the time during cases 1 and 2, 3 and 4, and 5 and 6, respectively. A plausible explanation for this behavior is that the trainee's intuition about the layout quality may have increased, which is also consistent with the decreasing number of attempts as more cases are completed. It may also be that generating a higher incentive to use this tool may improve the training outcome. The usage of the temperature field plots also displayed a similar trend of deceased use as training progressed. In the ITS group, trainees used the plots 58% of the time in the first case and then their usage fluctuated between 12.5% and 38% (mean 25%) in the subsequent cases. The non-ITS group used temperature field plots over 70% of the time in the first 2 cases, which declined to the range of 37% to 58% of the time in subsequent cases. The feedback provided by the temperature field plot is essential to layout quality planning, but its interpretation requires analytical reasoning for which further step-by-step instructions may need to be integrated. Difficulties with this tool may be associated with scrolling through 2D plot in order to create a mental image of a 3D field. It appears that this difficulty can be overcome by at least one of the two alternatives: (1) pretraining in bioheat transfer effects or (2) integrating a tutor-generated 3D illustration of the temperature field following 25 . The latter alternative is more consistent with the approach presented in the current study, while the prior alternative may be more appropriate if training of the principles of cryosurgery is needed for cryosurgery hardware developers.
The ITS provides two additional forms of feedback during phases 3 and 1. In phase 3, if the layout has yet to meet the defect target, any probe that is placed within a predefined tolerance of its optimal location (according to the computergenerated optimized layout) is locked in place. With this hint, the trainee will then return to phase 1 and continue the session while focusing only on the remaining probes that are suboptimally placed. In addition, the ITS will reveal the optimal location for an additional probe at the beginning of revisited phase 1-suggesting the least intuitive probe displacement for the trainee (ie, the farthest required probe displacement). Once the trainee follows this move, the trainee has the freedom to keep moving the remaining probes in an attempt to improve the overall layout. With this scheme in mind, the training process will converge, where the maximum attempts for a cryoprobe layout is bounded by the number of cryoprobes. Average results displayed in Figure 8 support this reasoning, indicating that indeed the ITS group displays superior performance in the posttest. Analysis of results distribution suggests that this scheme does not have a major impact on the trainee's performance in terms of overall posttest results alone (Figure 8 ). It may well be that this instruction scheme will yield a better return with a larger number of training cases or a longer time of ITS operation. However, this outcome calls for developing alternative and more efficient ITS schemes.
Regardless of the minimization process of the defect region, the ITS provides a unique opportunity to decrease constraint violations, as can be seen from Figure 6 , which is related to geometrical relationships rather than the thermal effects. In the first two cases in Figure 6 , the median probe violation rate is the same for both tutor groups during the first attempt. In the next three cases, the median rate for ITS is 0.1 below the non-ITS rate and in the last case, the median probe rate is 0 for both tutors. Although the differences between the two tutors are small, both tutors appear to be effective in increasing the trainees' understanding of geometric conditions. On the other hand, the shape of the overall curve of each tutor in Figure 6 differs significantly. Although the non-ITS curve displays marginal improvement with the increasing number of attempts, the ITS curve displays a significant effect on the quality of learning. Figure 7 displays results of the first attempt for all the training cases, with the objective of evaluating the learning curve trend during the training session. In terms of constraints violations, both tutors display improvement with increasing case number. In terms of overall performance, the ITS group performed better in 4 of the 6 cases than the non-ITS group. Nonetheless, compared with the first case, there is an improvement performance trend with increasing case number for both groups. With these observations in mind, it should be noted that six cases may be considered a small training set for trend evaluation as the geometric complexity of the prostate models may vary significantly.
Although the data analysis relates primarily to how well the trainees followed the rules defined for training, some trainees had difficulties in reconciling those rules and their own clinical judgment about planning. These patients were well aware of critical neighboring anatomical structures around the prostate and felt that, in some instances, it would be better to increase the local defect in favor of reducing risk of harming those structures. This led them to disagree with some of the tutor recommendations, which could have prolonged their session and led to increased error as interpreted by the tutor. With this observation in mind, no trainee had prior experience in cryosurgery, and it was well articulated that the current study is about how well the trainee can learn the computerized trainer rules. Ultimately, integrating individual clinical judgment will strengthen the educational experience. This goal will be achieved by live expert (human) mentorship present in the background and also, independently, by contextualizing the planning algorithms.
Summary
As a part of an ongoing effort to develop computerized training tools for cryosurgery, the current study presents a proof of concept for a computerized cryosurgery tutoring system. To the best of knowledge of the authors, this is the first-ever attempt to present and validate such a proof of concept. The tutoring system lists geometrical constraints of cryoprobes placement, simulates cryoprobe insertion, displays a rendered shape of the prostate, enables distance measurements, simulates the corresponding thermal history, and evaluates the mismatch between the target region shape and a preselected planning isotherm. The quality of trainee planning is measured in comparison with a computer-generated planning, created for each case study by previously developed planning algorithms. It is noted that the computer-generated solution is not unique, and alternative solutions can be found of similar quality; this observation is taken into account in the tutoring system feedback as well as in data analysis in the current study. Two versions of the tutoring system have been used in the current study: (1) an unguided version, where the trainee can practice cases in unstructured sessions and (2) the ITS, where the system forces the trainee to follow specific steps, believed by the authors to potentially shorten the learning curve. Table 2 summarizes system features and key conclusions for both training system versions.
Although the tutoring level in this study aims only at geometrical constraints on cryoprobe placement and the resulting thermal histories, it creates a unique opportunity to gain insight into the process outside the operation room. It appears that the computerized trainer effectively illustrates several basic concepts: the geometry of the target region, how cryoprobe placement affects the resulting defect region, and how using 2D cross-sections in cryoprobe placement (such as those created by the rectal ultrasound transducer during prostate cryosurgery) requires special attention to prevent damage in the third dimension. Posttest results indicate that the ITS system maybe more beneficial than the non-ITS system, but the proof of concept is demonstrated with either system. Based on the results displayed previously, ongoing efforts are now devoted to formulate new methodologies, provide better feedback, and increase the incentive in learning, with the long-term goal of shortening the learning curve and improving its outcome. 
